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The accuracy of computed tomography central
luminal line measurements in quantifying stent
graft migration
Andrew England, MSc,a,b Marta García-Fiñana, PhD,b Thien V. How, PhD,c
S. Rao Vallabhaneni, MD, FRCS,d and Richard G. McWilliams, FRCS, FRCR,e Liverpool, United Kingdom
Purpose: This study evaluated the accuracy of central luminal line (CLL) measurements in quantifying stent graft
migration. The bias of the CLL technique together with observer variability were assessed.
Methods: Stent grafts were deployed in plastic aortic phantoms at fixed locations from two side branches. Each phantom was filled
with iodinated contrast, and a 2-mm multislice computed tomography (CT) scan was performed. The stent graft was then displaced
caudally, its new location determined, and again, a CT scan performed. This created a series of 15 cases with known stent graft
migration. CLLs were used to measure stent graft position on the CT scans and calculate migration (3 observers). In vivo stent graft
migration was then evaluated in a similar manner using a series of follow-up CT scans from nine patients (2 observers). All CLL
measurements were performed independently and were repeated on a separate occasion.
Results: The mean difference in CLL migration between the actual and observed measurements (bias) in the aortic
phantoms was <1 mm. The 95% confidence intervals for the bias were within the interval (1 and 1 mm), and the 95%
limits of agreement were within3 mm and3 mm. The 95% limits of agreement for measurements within and between
observers were 4 to 2 mm and 2 to 2 mm, respectively. The phantom study generated a coefficient of repeatability
(RC) of 1 mm for within-observer measurements. Clinically, CLLs generated 95% limits of agreement within and
between observers of 3 to 4 mm (RC, 2 mm) and 3 to 3 mm, respectively.
Conclusions: Bias from CLL-determined migration is small and insignificant from a practical point of view. A small
amount of measurement variability within and between observers does exist; it should be feasible to detect changes in
stent graft position that are >4 mm. (J Vasc Surg 2012;55:895-905.)
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tDevice migration is an important complication of en-
dovascular aortic aneurysm repair (EVAR) and has been
reported with all commercially available stent grafts.1
Movement of a stent graft over time denotes failure of the
fixation system and has been associated with proximal and
distal type I endoleaks, graft kinking, and ultimately, aneu-
rysm rupture.2-4 Although many definitions of migration
have been proposed, the most widely adopted is from the
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hich defines migration as 10 mm of stent graft move-
ent relative to anatomic landmarks or any migration
eading to symptoms or requiring reintervention.5 Defin-
ng migration is in itself complex; factors such as the imag-
ng modality, assessment method, and experience of the
bserver can limit the ability to identify small changes in
tent graft position. Thin-slice computed tomography
CT), when undertaken to an appropriate protocol, is
onsidered a reasonablemethod for analyzingmigration.6,7
ven so, there is a wide range of 0% to 20% in the reported
ncidence of stent graft migration,2,8-12 with one possible
xplanation being the variation in the assessment methods
sed to quantify stent graft migration.
Outlining the exact position of the stent graft using a
omputer-generated line drawn through the center of the
ortic lumen (CLL) has been proposed as a valid method
or assessing thoracic stent graft migration.7 No such vali-
ation has been made for CLLs used in the abdominal
orta, although it should be feasible to monitor changes in
bdominal stent graft position using CLLs. This study
imed to evaluate the accuracy of CLL measurements in
uantifying abdominal stent graft migration. In doing so,
he bias of the CLL technique together with the intraob-
erver and interobserver variability were assessed.
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Phantom study. A hollow plastic aortic phantom was
created from acrylonitrile butadiene styrene using a stereo-
lithography rapid prototyping system. Stereolithography is
a system whereby an ultraviolet laser beam is used to
selectively polymerize and solidify a photosensitive poly-
meric plastic liquid and has been used previously in the
creation of aortic phantoms for image analysis.13 The phan-
tom consisted of an aortic neck and two side branches
representing the superior mesenteric artery (SMA) and
right renal artery.
A Zenith (Cook Inc, Bloomington, Ind) or a Talent
(Medtronic, Santa Rosa, Calif) stent graft was deployed
inside the phantom at a measured distance from each of the
two aortic side branches. The exact position of the stent
graft was determined by using a small internal ruler (1-mm
major divisions) and by measuring from the apex of one of
the wireforms of the bare suprarenal stent relative to the
two side branches. The deployment position was verified
once in the anterior, posterior, and left and right lateral
positions to exclude stent graft tilt.
The phantom was filled with iodinated contrast medium
mixed with gelatin. To accurately simulate the density of
blood during arterial-phase CT angiography, the precise con-
centration of contrast medium within the gelatin solution
needed tobedetermined.This informationwas acquired from
previous experimental work at our institution (iodine-gelatin
concentrations needed to stimulate arterial phase blood on
CT provided in personal e-mail communication from OA
Oshin, Mar 29, 2009). The iodine-gelatin mix contained 2%
w/vVisipaque 240mgI/mL (GEHealthcare, Cork, Ireland)
and generated a mean aortic enhancement of 280 HU. The
gelatin was chilled, allowed to set, and the phantom was
suspended in a Perspex box containing water.
The phantom underwent a multislice CT scan that was
performed to a standard clinical EVAR follow-up protocol (Ta-
ble I). The resultant Digital Imaging and Communications in
Medicine (DICOM;National Electrical Manufacturers Associa-
tion,Rosslyn,Va) imagingdatawere then sent to adepartmental
picture archiving and communication system (PACS).
The solidified gelatin was carefully removed from the
phantom using warmwater and the position of the stent graft
was remeasured and recorded. There were no differences in
positions of the stent graft before and after gelatin removal for
any of the phantoms. The stent graft was then displaced
downward by traction of the ipsilateral limb with a pair of
forceps, and the new position was measured and recorded.
The phantom was again filled with the iodine-gelatin
Table I. Local computed tomography protocol for
evaluating stent graft position
Variables for Siemens Sensation 16
Slice thickness (mm) 2.0
Reconstruction interval (mm) 1.0
Reconstruction kernel B30fmix, underwent a second CT scan, and then the gelatin was fiemoved and the stent graft position reverified. This cre-
ted a single case of simulated stent graft migration. The
rocedure was repeated to generate 15 known but variable
tent graft migrations using a combination of Zenith
n  7) and Talent (n  8) stent grafts.
Clinical study. After the phantom study, a retrospective
eview of clinical follow-up CT scans was undertaken. Nine
atients who had been treated for abdominal aortic aneurysm
AAA) with a Zenith stent graft were selected at random from
n institutional endovascular database. The number of pa-
ients and landing zones were determined by the reading time
vailable for the observers. Each observer was able to commit
wo half-day sessions to complete the image analysis. Ethics
ommittee approval was granted and allowed the CLL tech-
ique to be validated using clinical data.
Patients were included if they had a baseline (1 month)
nd a follow-up CT scan available (if several follow-up scans
ere available, then the latest scan was used, minimum 6
onths). Patients were scanned to a standard follow-up
rotocol that was consistent with the technique used in the
hantom experiment (Table I). Acquisitions were under-
aken after intravenous injection of 100 mL of ioversol
Optiray 300, Mallinckrodt, Hazelwood, Mo) at 5 mL/s.
canning commenced when the aortic enhancement ex-
eeded 120 HU; this was determined by the in-built bolus
racking function on the CT scanner.
The three-dimensional imaging software. Phantom
nd clinical CT data were loaded onto a departmental
arestream PACS 10.2 workstation (Kodak, Rochester,
Y), which had a built-in vessel analysis module. Each
T scan was loaded onto the workstation, and an ob-
erver created a semiautomatic CLL through the aorta by
sing the semiautomated centerline algorithms on the
orkstation. The CLL was checked by scrolling through
he axial, coronal, and sagittal reformats to ensure that it
raveled through the center of the arterial lumen.
blique axial reconstructions perpendicular to the CLL
ere displayed in a two-dimensional format from which
he position of the stent graft against a reference vessel
ould be determined.
Measurement protocol. A team of three observers in-
ependently used CLLs to calculate the stent graft position
ndividually on each of the 30 phantom CT scans. All observ-
rs had previous experience in pre-EVAR and post-EVARCT
mage postprocessing and measurements. Workstation train-
ng and clear instructions, including measurement definitions
nd pictorial examples, were provided to explain the CLL
onstruction process and measurement technique.
Using the phantom CT scans, the observers recorded
he distance between the proximal portion of the stent graft
first oblique axial CLL reformatted image with 2 stent
truts visible) and the inferior border of each of the refer-
nce vessels (L1 [SMA] and L2 [right renal artery]; Fig 1)
irectly from the CLL image. The first oblique axial CLL
eformat that contained a minimum of two visible stent
truts was used to help define the proximal margin of the
tent because this helped reduce the risk of selecting calci-
cation over actual stent graft. The first oblique axial CLL
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Volume 55, Number 4 England et al 897reformat that demonstrated clear separation of the refer-
ence vessel from aortic wall was used to define the inferior
border of each reference vessel. Stent graft migration was
Fig 1. Central luminal line (CLL) imageswith correspondin
stent graft position against the superiormesenteric artery (L1)
correspond to the center of the reformatted images used to cothen calculated by subtracting the proximal stent graft to oeference vessel position on the first CT scan from the same
easurement on the second CT scan. All CLL measure-
ents were repeated on a separate occasion to assess intra-
que axial reformats demonstrate the technique used to record
ght renal artery (L2). The two lines perpendicular to the CLL
the locations for the twomeasurement positions.gobli
and ribserver variability.
JOURNAL OF VASCULAR SURGERY
April 2012898 England et alFig 2. Aclinical central luminal line (CLL)measurement taken at the proximal landing zoneof the stent graft. Thefirst axial
reformatted image, where at least two stents struts were visible (dotted line), was considered indicative of the proximal stent
position.Thefirst reformatted slicewhere therewas a clear space between the superiormesenteric artery (SMA) and the aortic
wall was considered the inferior border of the reference vessel (solid line). Lines perpendicular to the CLL demonstrate the
projection of each oblique reformat and indicate the central point within each reconstructed slice.Fig 3. A clinical central luminal line (CLL) measurement taken at the distal landing zone of the stent graft. The
position of the distal stent graft is recorded relative to the bifurcation of the common iliac artery. The first axial
reformatted image where at least two stents struts were visible was considered indicative of the distal stent position
(dotted line). The first reformatted slice where there was a clear space between the external iliac artery and the internal
iliac artery was considered as the iliac bifurcation (solid line). Lines perpendicular to the CLL demonstrate the
projection of each oblique reformat and indicate the central point within each reconstructed slice.
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Volume 55, Number 4 England et al 899For the clinical CT scans, the proximal native vascu-
lature reference point was the SMA. The distance be-
tween the inferior border of the SMA and the first
appearance of the stent graft (2 struts) was measured.
The inferior border of the SMA was defined as the first
oblique axial CLL reformatted image where there was
clear separation of the SMA from the aortic wall (Fig 2).
The iliac bifurcation was used as the distal reference
point. For this position, the bifurcation was defined as
the oblique axial CLL reformatted image that first dis-
played clear separation of the external and internal iliac
arteries (Fig 3). Length measurements were obtained
using the CLL from the proximal stent graft to the SMA
and from the distal stent graft to the iliac bifurcation
bilaterally using the first postoperative CT scan.
Each CLL measurement was compared with the
same measurement on the latest available CT scan. Mea-
surement differences between the two CT scans, for the
same anatomic location, would suggest stent graft mi-
gration. All clinical measurements were performed inde-
pendently by two observers, with measurements re-
peated on a separate occasion. Caudal migration of the
stent graft was indicated by a plus sign (eg, 5.1 mm)
and movement in a cranial direction was indicated using
a minus sign (eg, 5.1 mm). Throughout the study, CT
workstation measurements were recorded using elec-
tronic callipers to 0.1 mm.
Statistical analysis. Bias (difference) between the
actual and the CT CLL-calculated migration distances
was assessed for the phantom data set using a technique
described by Bland and Altman.14 In particular, mean
differences between the CT-calculated migration and the
actual migration were plotted together with their limits
of agreement (calculated as 1.96 standard deviation
around the mean difference). A similar method was also
used to assess variability for the intraobserver and inter-
observer measurements for the aortic phantoms and the
clinical CT data sets.
To assess intraobserver variability, mean differences
Table II. Intraobserver and interobserver variability for th
migration (phantom study)
Variable Migration
Intraobserver variability
Limit Mean
difference
(%)aLower Upper
L1 19.4 (3.1-38.6) 3.5 1.6 0.1 (0.
L2 19.6 (3.4-38.7) 1.6 2.2 0.2 (1.
Average 19.5 (3.1-38.7) 2.2 2.4 0.1 (0.
L1, Superior mesenteric artery; L2, right renal artery.
Migration distances are in mm. Variable values refer to the mean value of the
limits of agreement (1.96 standard deviations from the mean difference).
aMean difference expressed as a percentage of the mean value for that variab
for observer one. Interobserver variability refers to the differences betweenbetween repeat migration measurements were plotted with mheir corresponding limits of agreement. For interobserver
ariability, the mean difference between observers was cal-
ulated instead of within-subject differences. Repeatability
oefficients (RC) were calculated for the within-subject
ariability in both the phantom and clinical elements of the
tudy. The RC, as defined by Bland and Altman,15 is based
n the one-way analysis of variance with the subject as a
actor and provides a measure of precision that represents
he value below which the absolute difference between two
epeat measurements is expected to lie with a 95% proba-
ility after extracting biologic variability. All analyses were
erformed using PASW Statistics 18 software (SPSS Inc,
hicago, Ill).
ESULTS
Migration in aortic phantoms. The mean overall
imulatedmigration was20mm (range,3 to39mm).
or observer 1 (measurement set 1), the mean difference
etween the actual (simulated) migrations and the CLL
alculated migrations (bias) was 0.6 mm (95% limits of
greement,1.0,2.4 mm). The bias was therefore small
95% confidence interval [CI],0.15 to0.96 mm). This
ndicates that the bias of the CLL technique is different
rom zero although small (1 mm), and that the range of
ossibilities is narrow. Similar accuracy was found for ob-
ervers 2 and 3, where the mean difference together with
he 95% limits of agreement were 0.2 mm (2.6 mm,
3.0 mm) and 0.1 mm (2.5 mm, 2.7 mm), respec-
ively. The 95% CI for the mean difference in these two
ases was also within the interval (1 to 1 mm).
The mean paired differences between repeat measure-
ents by the same observer were evaluated on three sepa-
ate occasions. Mean differences for the three observers
anged from 0.3 to 0.2 mm (95% limits of agree-
ent, 3.5 mm, 2.4 mm). Intraobserver variability
as highest for observer 1 (Table II; Fig 4, D), and the
verall RC for within-subject paired measurements was 1
m. Interobserver variability was assessed by calculating
he mean paired difference between the same measure-
tral luminal line (CLL) assessment of stent graft
Interobserver variability
(Observer 1 vs 2) (Observer 1 vs 3)
Limit Mean
difference
(%)a
Limit Mean
difference
(%)aLower Upper Lower Upper
1.5 1.4 0.5 (2.5) 0.7 0.6 0.1 (0.4)
1.4 1.2 0.1 (0.4) 2.2 2.1 0.0 (0.1)
1.5 0.9 0.3 (1.4) 1.6 1.5 0.0 (0.2)
easurement of observer 1 (range). The upper and lower limits represent the
aobserver variability refers to the differences between repeat measurements
st measurements of observer 1 and observers 2 and 3.e cen
5)
3)
4)
first ments (measurement set 1) undertaken by different ob-
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Volume 55, Number 4 England et al 901servers (Table II; Fig 4, E and F). Mean paired difference
ranged from 0.5 mm to 0.0 mm (95% limits of agree-
ment,2.2 mm,2.1 mm). Based on our data sample, the
accuracy and variability of the CLL migration measure-
ments did not appear to be influenced by the magnitude of
migration (Fig 4, A-F).
Migration in clinical patients. The CLL technique
was used to assess changes in stent graft position in nine
patients (median follow-up, 37 months; range, 24-39
months). Migration assessment required the evaluation of
18 follow-up CT scans; this allowed the CLLmeasurement
variability to be assessed in seven proximal and nine distal
landing zones. Based on the judgment by observer 1 (mea-
surement set 1), the mean proximal and distal migration
distance in the cohort was 4 mm (range, 0 to 11 mm)
and 1 mm (range, 4 to 4 mm), respectively. When
investigating stent graft migration in patients, all of the
paired differences (100%), between and within observers,
were 4 mm of each other. Intraobserver variability was
similar to the phantom experiment. The mean paired dif-
ference between repeat measurements was 0.9 mm (95%
limits of agreement, 2.5 mm, 4.3 mm) at the proximal
margins and 0.3 mm (95% limits of agreement, 3.0 to
2.5 mm) at the distal margins (Table III; Fig 5). The
repeatability coefficient for within-subject measurements
was 2 mm. Interobserver variability was again similar, with
mean paired differences proximally and distally 0.1 (95%
limits of agreement 2.9 mm, 3.0 mm) and 0.2 mm
(95% limits of agreement 3.0 mm, 3.4 mm), respec-
tively (Table III; Fig 5). With visual inspection of the
Bland-Altman plots (Fig 5), there was no apparent associ-
ation between the magnitude of stent graft migrations and
measurement variability.
DISCUSSION
Movement of any aortic stent graft can have disastrous
consequences. Identifying and addressing late device fail-
ures before they translate into clinical sequelae may reduce
morbidity and mortality. Traditionally, changes in aortic
stent graft position have been assessed by direct review of
thick-slice (5 mm) axial CT images. Crude changes in the
position of the stent graft on serial axial CT images were
considered indicative of stent graft migration and may have
only been found after a retrospective review for related
sequelae. Improvements in CT scanner and workstation
Fig 4. Bland Altman plots displaying the (A-C) bias
assessment of stent graft migration in aortic phantoms. S
was determined by calculating the difference between th
(CT)-determined stent graft migration using measureme
so delineated the extremes of any bias (outer solid lines).
repeat measurements of stent graft migration for the sam
measurements has been plotted against the mean of
Interobserver variability refers to the differences in migr
observers 1 and 3 (between observers) plotted against the
interobserver variability were based on measurement se
illustrated are based on average values of the superior mesenteechnology switched the analysis of stent graft position to
eview using multiplanar reconstructions (MPRs). Serial
PRs not only allowed the position of the stent graft to be
racked relative to a fixed landmark but also provided a
umeric indication of the magnitude of any displacement.
PRs have led to a more accurate indicator but are prob-
ematic when attempting to profile tortuous vessels, espe-
ially the iliac arteries.
Imaging techniques have advanced considerably in re-
ent years.7 Modern multislice CT routinely allows for
hin-slice (2 mm) CT acquisitions, achievable within one
reath-hold and with optimum arterial enhancement. De-
elopments of 3D workstations have provided new oppor-
unities for the analysis of tortuous vasculature. Even with
hese improvements, a validated method for assessing stent
raft migration is still lacking.
This study validated a CLL technique, under laboratory
nd clinical conditions, for the quantification of abdominal
tent graft migration. The migration assessment requires
he computer-based construction of a CLL together with
udgments by the reader on the position of the stent graft
nd aortic reference points. Using a CLL to assess stent
raft migration seeks to overcome the limitations of the
raditional assessment techniques. In validating CLLs, we
rst assessed the performance of CLLs in determining stent
raft migration in a series of aortic phantoms. From this we
stablished that the bias of the CLL technique is small and
nsignificant from a practical perspective, with a worst case
eing overestimation or underestimation of migration by
p to 3 mm. Observer variability in the phantom experi-
ent was low (limits of agreement4 mm), with all of the
ithin-observer and between-observer paired measure-
ent differences being 4 mm.
We conclude from the phantom experiment that mi-
ration 4 mm, established from CLL calculations, is
epresentative of true in vivo stent graft movement and
orms the basis for a definition of detectable migration
sing CT. Observer variability for the clinical phase of the
tudy was also low. Limits of agreement for the intraob-
erver and interobserver measurements were 4 mm, with
ll of the paired clinical measurement differences 4 mm.
ur results did demonstrate a slight increase in intraob-
erver variability compared with interobserver variability.
e believe this apparently contradictory effect is inherent
o the estimation process and that the differences between
(D-F) variability for the central luminal line (CLL)
andard deviation. A-C, The CLL bias for each observer
al stent graft migration and the computed tomography
t 1. Limits of agreement (1.96 SDs) were also plotted
traobserver variability refers to the differences between
erver (within observer). The difference between the two
o paired measurements for observer one. E and F,
measurements between observer 1 and observer 2 and
of the two respective measurements. All calculations for
or each observer. For simplicity, the migration valuesand
D, St
e actu
nt se
D, In
e obs
the tw
ation
mean
t 1 fric artery (L1) and the right renal artery (L2).
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April 2012902 England et althe two measures are small. As such, we believe that the
measurement differences by one specific observer on two
occasions do not differ considerably from the differences
between multiple observers.
Within the literature there are limited reports investi-
gating the variability of observer-performed CT measure-
ments along the length of a vessel. No reports have sought
to quantify the bias and variability of any CT technique
assessing stent graft migration. England et al16 investigated
the variability of pre-EVAR CT measurements in 30 pa-
tients. This study, which involved radiologists and radiog-
raphers, reporting an interobserver mean difference of 6
mm. Measurements of aneurysm morphology were ob-
tained using MPRs, which may offer one explanation for
the relative lower levels of agreement when measuring
along the length of a vessel (eg, aortic neck). MPR mea-
surements may be difficult to replicate in the presence of
tortuous anatomy; in addition, the authors also noted a lack
of standardization in their measurement definitions, which
may also explain the decrease in reproducibility.
Oshin et al17 looked at the measurement of target
vessel separation before fenestrated EVAR. They demon-
strated similar mean paired differences and slightly greater
limits of agreement, but they did use CLL techniques.
Oshin et al concluded that the subjective interpretation of
anatomic landmarks has a greater role in affecting measure-
ment variability than the choice of MPR or CLL technique.
When discussing our findings, we must consider the
CT technique and CLL generation process. The CLLs in
our study were generated from 2-mm multislice CT acqui-
sitions with a soft (B30f) reconstruction kernel. The size of
each voxel will have a role in determining the bias of the
technique. The 2-mm CT acquisitions produced a CLL
migration assessment bias that was relatively small (all 95%
CIs were within1 to 1 mm). If we had increased the slice
thickness to 5, 7.5, or 10 mm, then this may have intro-
duced a more measurable bias. We also accept that the
validation of our CLL technique depends on other CT
parameters, which may also include the reconstruction
algorithm, pitch, and X-ray tube current (signal-to-noise
Table III. Intraobserver and interobserver variability for t
migration in the clinical study
Variable Migration
Intraobserv
Limit
Lower Upper
Proximal 4.0 (0.1 to 10.6) 2.5 4.3
Distal 0.6 (4.4 to 4.0) 3.0 2.5
Average 1.4 (4.4 to 10.6) 2.9 3.4
Migration distances are in mm. Variable values refer to the mean value of the
limits of agreement (1.96 standard deviations from the mean difference).
aMean difference expressed as a percentage of the mean value for that variab
for observer one. Interobserver variability refers to the differences betweenratio). rThe actual CLL rendering process may also affect the
esultant assessment of migration. Currently, a variety of
echniques are used for generating CLLs, which range from
fully automated technique with no observer input to a
anual CLL technique where the user seeds multiple
oints along the center of the aorta using axial images. The
eneralizability of our results must therefore take into
ccount the possibility of differences in CLL generation
rocesses that may exist between different software pack-
ges. All methods of producing CLLs can generate errors;
n some instances, CLLs may not conform to the central
hannel of the aorta. For an accurate analysis, it is essential
hat the central path of the CLL be confirmed by visual
nspection of MPR images.
In our study, neither the phantom nor clinical CLLs
equired any manual adjustment. Constructing a CLL re-
uces some of the human decisions when performing mea-
urements along the lengths of a vessel. Human input is still
equired to identify the reference points from which to
easure the position of a stent graft; this will be prone to
uman variance. Defining the start/end of the endograft
nd the reference vessel, although subject to clear defini-
ions, is challenging at times, especially in patients with
uminal calcification. It is for this reason that observer
xperience is undoubtedly a contributing factor, and train-
ng considerations must be factored into any assessment of
igration.
There are potential differences in the visibility of the
roximal and distal margins of different stent grafts on the
blique axial CT reformatted images. Differences may exist
ecause of variations in the metallic composition of the
tent struts or the number of struts at the proximal and
istal device margins. CT has an excellent ability in visual-
zing metallic structures. Because the assessment of migra-
ion requires the identification of identical stent graft land-
arks on serial examinations, it is unlikely that the
onfiguration will affect suchmeasurements. Data from our
hantom experiment include two devices with differing
etallic compositions (stainless steel and nitinol) and a
ntral luminal line (CLL) assessment of stent graft
riability
Interobserver variability
Observer 1 vs observer 2
Mean difference
(%)a
Limit
Mean difference
(%)aLower Upper
0.9 (23.0) 2.9 3.0 0.1 (1.3)
0.3 (40.4) 3.0 3.4 0.2 (27.0)
0.3 (18.5) 2.9 3.1 0.1 (10.1)
easurement of observer 1 (range). The upper and lower limits represent the
aobserver variability refers to the differences between repeat measurements
st measurements of observer 1 and observer 2.he ce
er va
first mange in the quantity of proximal (12 vs 5) and distal
JOURNAL OF VASCULAR SURGERY
Volume 55, Number 4 England et al 903Fig 5. Bland-Altman plots display the central luminal line (CLL) (A) intraobserver and (B) interobserver variability
for the assessment of stent graft migration when using clinical computed tomography scans. Intraobserver variability
refers to the differences between repeat measurements of stent graft migration for the same observer (within observer).
Interobserver variability refers to the differences between migration measurements (measurement sets 1) for observer
1 compared with observer 2 (between observers). The intraobserver and interobserver differences have both been
plotted against the respective mean of the two comparative measurements. Limits of agreement (1.96 standard
deviations [SD]) have also been plotted to delineate the extremes of any variability (outer solid lines). The migration
values illustrated are based on average values of both proximal and distal migrations.
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April 2012904 England et al(7 vs 5) stent struts. We believe that this tested the CLL
technique for a wide range of situations.
The adoption of a CLL technique has further advan-
tages. CLLs are now widely available on both dedicated CT
and PACS workstations. With most systems designed
around endovascular planning, CLLs displaying the aorta
and both iliac arteries can be generated with just a few
simple clicks of the mouse. With any post-EVAR surveil-
lance program, efficient image analysis is essential, and
CLLs can provide a quick and accurate method for assess-
ing stent graft migration. Although we did not compare
our CLL technique against any of the previously docu-
mented CT migration assessment techniques, we would
argue strongly that CLLs are a valuable technique for
assessing stent graft migration and are likely to be superior
to an assessment based on acquired axial CT images or
multiplanar reformatted images.
The possibility of aortic elongation has been raised
briefly within the literature.7,18 The SMA-to-stent-graft
distance may possibly increase during follow-up without
any changes in the actual position of the fabric markers
relative to the renal ostia. Likewise it may be possible for the
common iliac artery bifurcation to stent graft distance to
increase without any change in the portion of common iliac
artery covered by the limb. If the CLL distance changes
during follow-up, then a more detailed analysis is war-
ranted. Cross-referencing of the CLL measurements
against aortic calcification or nonaortic landmarks should
also be considered. With this in mind, CLLs can be used as
a rapid screening tool for migration with more detailed
evaluation in positive or equivocal cases.7
There are limitations when attempting to use static
imaging (multislice CT) to quantify the position of a stent
graft within a moving (pulsatile) structure. Vos et al19
documented up to 1.99 mm of craniocaudal movement of
the AAA when imaged by cine magnetic resonance imag-
ing. Whether the stent graft moves simultaneously within a
pulsating aorta is currently unknown. A static stent graft in
a mobile (pulsatile) aorta could lead to pseudomigration;
the relationship between the stent graft and the aortic
references vessels could vary during the cardiac cycle and
differ between serial CT scans. Some degree of synchroniza-
tion is likely in the longitudinal movement of the aorta and
endograft. Stent grafts have various design features that en-
courage them to remain in a fixed position within the aorta,
including suprarenal fixation, hooks and barbs, and radial and
columnar force. A more detailed understanding of this phe-
nomenon could be obtained by studies involving cine CT.
In reporting this study, we accept that there are other
limitations. The use of a plastic aortic phantom may raise
questions. This was a simple but morphologically similar
replica of the upper abdominal aorta but lacked angulation
and tortuosity; many supporters of CLLs describe its ben-
efits when evaluating tortuous vascular systems. Questions
may arise regarding the extent of any bias and variability if
the aortic phantoms contained some degree of vessel angu-
lation or tortuosity, or both. The results of this study must
take into account that the phantom study used stent graftseployed in only straight aortic necks. In contrast, the
linical CT scans were selected at random from the available
ICOMCT data in our own EVAR series. This goes some
ay to validating the CLL technique for all eventualities. In
ur study CLLs were successfully applied to a clinical
ohort to assess the proximal and distal landing zones;
ubsequently, there was some variety in the quality of the
ortic neck (angulation and calcification) and tortuosity to
he iliac arteries. Tilting of an endograft may have an effect
n the accuracy and variability of CLL migration assess-
ents. We accept that some degree of endograft tilt is likely
n patients with challenging anatomy. This study did not
eek to experimentally evaluate the effect of tilt on the
ccuracy and variability of CLL measurements and this
ust be considered when interpreting our data.
Finally, this study only sought to evaluate the accuracy
f CLLs in quantifying longitudinal stent graft displace-
ent. With an increase in the number of fenestrated EVAR
rocedures performed globally each year, a need may arise
or a study to evaluate the quantification of aortic stent graft
otation using imaging.
ONCLUSIONS
The bias from CLL-determined stent graft migration is
mall and insignificant from a practical point of view (based
n the data sample we are 95% confident that the bias is1
m). When using 2-mm multislice CT acquisitions it
hould be feasible to detect stent graft positional changes
hat are 4 mm. CLL analysis should not be used in
solation; if migration is suspected, then a full and detailed
valuation using all CT imagery must be implemented.
inor measurement variability between and within observ-
rs exists and should also be factored into any clinical
ecision making.
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